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muscle, synapses near a competing input
were fated for quick removal, whereas
synapses located only slightly farther
away were more stable and only lost at
the very last stage of synapse elimination
(Walsh and Lichtman, 2003). In both
muscle and cerebellum, it also appears
that the addition of synapses by the
remaining axon is temporally correlated
with the loss of synapses. Thus, as one
axon adds synapses by translocating to
dendrites (climbing fibers) or taking over
synaptic sites (motor axons), competing
axons are losing synaptic contact sites.
Moreover, it appears that even the
winning axon inevitably loses parts of its
original territory as synapse elimination
ensues. In cerebellum, all climbing fibers
are booted off the soma, including the
ultimate victor. The authors interpret this
as a ‘‘nonselective elimination stage’’
distinct from the competitive era when it
is determined which axon moves to the
dendrites. Another interpretation would
be that there is some form of activity-
dependent competition (perhaps bet-
ween climbing fibers and other classes
of input) that causes synapse loss from
the soma. One interesting question for
future studies would be to determine if
climbing fibers segregate their synaptic
territories on the soma prior to the translo-
cation event. If so, this would suggest
a potential precondition that helps select
the axon that will occupy the dendrites.
Such a segregation step would further-
more denote a potential shared mecha-
nism for synaptic strengthening among
these diverse systems (see Gan and
Lichtman, 1998).
It is surprising that synapses on muscle
fibers, autonomic ganglion cells, and
Purkinje cells should have any similarities
given the enormous functional, structural,
and biochemical differences between
these systems. Nonetheless, as shown
in Figure 1, both neuromuscular and
cerebellar systems seem to be going
through analogous stages as postsynaptic
cells transform frommultiply innervated to
singly innervated targets. As more is
discoveredabout alterations in developing
circuits, it will become clearer whether the
essential processes at work during early
postnatal refinement are indeed driven by
common mechanisms throughout the
nervous system. Will principles emerge
that transcend the peculiarities of each
system? We think this article makes
a case for optimism.
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Stretch reflex circuits are a prime example of wiring specificity in the vertebrate spinal cord. Homonymous
sensory afferentsand motoneurons typically formmonosynaptic connections, while neurons innervatingantag-
onistic or unrelated muscles do not. Pecho-Vrieseling et al. now show that the semaphorin Sema3E and its
receptor Plexin-D1 prevent monosynaptic connectivity in the cutaneous maximus muscle stretch reflex circuit.In the late-nineteenth century, from his
meticulous observations of the structure
of the nervous system, Santiago Ramon8 Neuron 63, July 16, 2009 ª2009 Elsevier Iy Cajal first recognized that neurons are
interconnected in a highly precise and
specific manner, a theory that he putnc.forward as the Principle of Connectional
Specificity (Cajal, 1954). Over a century
later, we are still trying to understand the
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PreviewsFigure 1. Sema3E Regulates Monosynaptic Connectivity in the Cutaneous Maximus Stretch
Reflex Circuit
(A) In the reflex arc innervating the triceps (Tri) muscle, Tri motoneurons receive monosynaptic input from
Tri sensory afferents. The cutaneous maximus (Cm) muscle reflex arc, however, is atypical in that Cm
motoneurons do not receive monosynaptic input from Cm afferents, nor from any other proprioceptive
afferents.
(B) (Wild-type) Tri motoneurons receive homonymous monosynaptic inputs, while Cm motoneurons do
not. Sema3E is secreted by Cm motoneurons and prevents formation of monosynaptic input from Cm
afferents. (Sema3E/) In the absence of Sema3E, Cm motoneurons receive monosynaptic input from
Cm afferents, but not from Tri afferents, suggesting that pool specificity is not altered. (MN::Sema3E)
Overexpression of Sema3E in all motoneurons results in a decrease of monosynaptic connections
between Tri afferents and motoneurons. (?) Yet unidentified molecules regulate pool specificity likely by
mediating specific recognition between homonymous afferents and motoneurons.molecular mechanisms that allow the
establishment of such specific connec-
tions. In the target area, precise connec-
tivity arises from the development of an
initial ‘‘coarse’’ connectivity map later
refined with specific ‘‘fine’’ connections.
Coarse maps are organized as layers,
columns, glomeruli, and topographic
maps and are built through axon-guide-
post, axon-environment, or axon-axon
interactions (Benson et al., 2001). For
example, the topographic projections of
retinal ganglion cells in the tectum rely on
ephrin and Wnt gradients that provide the
axons with ‘‘address codes’’ (Erskine and
Herrera, 2007). Similarly, homotypic adhe-
sion molecules such as Dscam and Side-
kick mediate the laminar specificity within
the inner plexiform layer of the retina (Ya-
magata and Sanes, 2008). Fine connec-
tivity maps are likely generated through
specific recognition between axons and
postsynaptic partners during synaptogen-
esis. One good example is found in the
cerebellum, where the axon of basket
interneurons is precisely guided to the
soma of Purkinje neurons by a subcellulargradient of the adhesion molecule neuro-
fascin186 (Ango et al., 2004).
Probably the most challenging situation
regarding synaptic target selection occurs
when groups of pre- and postsynaptic
neurons with similar anatomical location
but distinct functions need to be sorted
out correctly. The stretch reflex monosyn-
aptic circuit in the vertebrate spinal cord
has long been recognized as such
a complex system, and understanding
the molecular mechanisms underpinning
its synaptic specificity has hence been
deemed by many in the field as the ‘‘holy
grail.’’
During development, each skeletal
muscle is connected to proprioceptive
sensory neurons that detect changes in
muscle length and to motoneurons (MNs)
that trigger muscle contraction. Sensory
afferents form strong monosynaptic
connections with homonymous MNs
supplying the same muscle peripherally
(Figure 1A) and weaker connections with
MNs innervating synergistic muscles. In
contrast, neurons connected to antago-
nistic or functionally unrelated musclesNeform di- or multisynaptic connections
(i.e., are connected via one or multiple
interneurons). This high level of specificity
is thought to arise early during develop-
ment, with no or little inappropriate
connections being made between nonho-
monymous neurons (Mears and Frank,
1997). Furthermore, sensory-motor con-
nections seem to develop independently
of activity changes in the circuit (Frank,
1990), a feature shared by hardwired
circuits described in invertebrates.
In a recent article, Pecho-Vrieseling
et al. demonstrate that the semaphorin
Sema3E and its receptor Plexin-D1
(PlxnD1) determine synaptic choice in the
mammalian spinal cord (Pecho-Vrieseling
et al., 2009). The authors used two
different sensory-motor reflexarcs toeval-
uate the function of Sema3E-PlxnD1 inter-
action in synaptic specificity. In the first
reflex arc, which supplies the triceps
muscle (Tri), Tri MNs receive monosyn-
aptic input from Tri sensory afferents
(Figure1). In anatypical, secondarc, inner-
vating the cutaneous maximus muscle
(Cm), Cm MNs do not receive monosyn-
aptic input from Cm afferents, nor from
any other proprioceptive afferents (Fig-
ure 1) (Vrieseling and Arber, 2006).
Cm MNs express the ETS transcription
factor Pea3, and the connectivity pattern
of Cm MNs is altered in the absence of
Pea3 (Vrieseling and Arber, 2006). How-
ever, other defects in Cm MN pool posi-
tioning, identity, peripheral projection
(Livet et al., 2002), and dendritic arboriza-
tion (Vrieseling and Arber, 2006) in the
Pea3 mutant make the interpretation
of this connectivity phenotype difficult.
One promising candidate for mediating
synaptic specificity in the Cm reflex arc is
the secreted molecule Sema3E, which is
expressed in Cm MNs (Livet et al., 2002;
Pecho-Vrieseling et al., 2009). Sema3E
elicits repulsive response when it binds
to PlxnD1 alone, but this response is con-
verted to attraction if both PlxnD1 and
a coreceptor, Neuropilin-1, are present
(Chauvet et al., 2007; Gu et al., 2005).
While Neuropilin-1 is not detected in
proprioceptive afferents, the vast majority
of Cm afferents and half of Tri afferents
express PlxnD1 (Pecho-Vrieseling et al.,
2009).
To assess the contribution of Sema3E
in the development of sensory-motor
connections in the Cm arc reflex,uron 63, July 16, 2009 ª2009 Elsevier Inc. 9
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Sema3E mutant mouse. In contrast to
Pea3 mutants, Sema3E mutants do not
have defects in MN pool positioning or
dendrite arborization, allowing the authors
to further analyze the connectivity pattern
of Cm MNs. Interestingly, intracellular
recording from Sema3E/ Cm MNs
showed that almost half of them now
receive monosynaptic input from Cm
afferents (Figure 1B), responding to Cm
afferents stimulation with a characteristic
time-delay of less than 3.6 ms. The pres-
ence of a monosynaptic input onto Cm
MNs is anatomically accompanied by an
increase in Vglut1-positive proprioceptive
terminals contacting Cm MN cell bodies.
Cm MNs still lack monosynaptic input
from Tri afferents, however, suggesting
that MN pool specificity is not altered in
the absence of Sema3E. A PlxnD1 condi-
tional mutation in proprioceptive afferents
resulted in a very similar phenotype, con-
firming that the interaction between
Sema3E and PlxnD1 regulates sensory-
motor connectivity in the Cm reflex arc.
Finally, the authors show that Sema3E is
not only necessary to ensure appropriate
connectivity in the Cm reflex arc, but also
sufficient to perturb monosynaptic con-
nections made between Tri MNs and their
afferents when overexpressed in all spinal
MNs (Figure 1B).
Taken together, the new study from
Pecho-Vrieseling et al. provides compel-
ling evidence that Sema3E and PlxnD1
regulate specificity of a subset of
sensory-motor connections in the spinal
cord. It also raises a number of exciting
questions. First, how does the interaction
between these two molecules result in
the absence of direct synaptic contact
between CmMNs and sensory afferents?
A well-established function of semaphor-
ins is in axon repulsion (Tran et al., 2007).
It is interesting to note that, when entering
the developing spinal cord, all propriocep-
tive sensory afferents are repelled from the
superficial dorsal horn through activation
of the Plexin-A1 receptor by Sema6C
andSema6D (Yoshida et al., 2006). There-
fore, it is possible that Sema3E also exerts
a repulsive effect on the PlxnD1-express-
ing proprioceptive axons to perhaps limit
their arborization within the Cm motor
pool, and as a result prevents synapse
formation. In the absence of Sema3E,
Cm afferents may be able to extend their10 Neuron 63, July 16, 2009 ª2009 Elsevierarbors and make monosynaptic contacts
with Cm MNs. However, this possibility
can only be tested by detailedmorpholog-
ical comparison of the afferent fibers
within different motor pools, which re-
mains experimentally challenging.
Semaphorins havealsobeen implicated
in axon pruning. For example, Sema3F
is responsible for eliminating preformed
synaptic contacts and initiating pruning
of axon branches (Bagri et al., 2003; Liu
et al., 2005). It is possible that Cm affer-
ents transiently contact Cm MNs during
development and later retract under the
influence of Sema3E signaling. However,
spinal sensory-motor connections are
thought to develop with a specific pattern
from the onset, and no major remodeling
of Cm afferents is observed in Sema3E
mutants (S. Arber, personal communica-
tion).
Alternatively, semaphorins could have
a function in synapse formation that is
independent of their role in axon guidance
(Paradis et al., 2007). This is thought to be
the case for other well-characterized axon
guidance molecules like Netrin/UNC-6
and its receptor DCC/Frazzled/UNC-40
(Colon-Ramos et al., 2007) or the Eph/
ephrin family (Klein, 2009). Distinguishing
between local axon guidance and
synaptic specificity is intrinsically difficult
for terminal synapses (i.e., synapses
formed at axon terminals). However, in
the light of these new findings, it would
be interesting to reexamine other sema-
phorin mutants with no known axon guid-
ance defects (Catalano et al., 1998) for
more subtle connectivity phenotypes.
Finally, the interaction of Sema3E and
PlxnD1 inhibits synaptic connectivity
within the Cmmotor pool, while the spec-
ificity between different motor pools is not
altered in Sema3E or PlxnD1 mutants.
These observations suggest two inter-
esting conclusions. First, long-range
secreted molecules can be utilized to
regulate fine connectivity maps, which
have classically been thought to be regu-
lated by contact-mediated cell adhesion
molecules. The finding that secreted
Sema3E can regulate fine map formation
is consistent with the recent findings in
C. elegans, showing that diffusible gradi-
ents such as Netrin and Wnts can affect
patterning of synapses (Klassen and
Shen, 2007; Poon et al., 2008). Together,
these studies provide an exciting founda-Inc.tion for additional research to investigate
how long-range cues can exert such local
actions in the formation of highly specific
synaptic circuits. Second, synaptic target
choices are not merely made by one pair
of molecules, and indeed the nature of
the Sema3E mutant phenotype suggests
the existence of an underlying matching
mechanism that ensures MN pool speci-
ficity (Pecho-Vrieseling et al., 2009). About
half of Tri proprioceptive neurons express
PlxnD1 and are capable of responding to
Sema3Ewhen overexpressed by Tri MNs.
Considering the extent of overlapbetween
Cm and Tri dendritic arbors, one could
have expected these afferents to make
inappropriate synapses with Cm MN in
the absence of Sema3E. This, however,
does not happen. Therefore, other molec-
ular mechanisms must play a role to
ensure specific recognition between
homonymous sensory and motor neurons
(Figure 1B). Could a combinatorial code
of repulsive and attractive signals be
involved, as proposed from studies of the
Drosophila neuromuscular junction (Win-
berg et al., 1998)? Will cell surface adhe-
sion molecules turn out to play a role, as
they do in other systems? The coming
years will undoubtedly provide us with
more exciting findings and answers to
these questions, as the desire to address
the century-old challenge posed by Cajal
has never seemed so great.
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